Secondary structure in single-stranded DNA impedes the presynaptic association of recA protein and consequently blocks the formation of joint molecules as evidenced by effects of temperature, nucleotide sequence, and ionic conditions. Escherichia coli single-strand-binding protein eliminates sequence-specific "cold spots" by removing folds even from sites of strong secondary structure. Thus, destabilization of secondary structure in single-stranded DNA is critical for the action of recA protein, whereas specific interactions directly between helix-destabilizing proteins and recA protein are unimportant.
single-stranded DNA (7) in a way that enables it to promote the renaturation of complementary single strands, as well as to direct the site-specific priming of DNA synthesis (8) .
In vitro, recA protein promotes the homologous pairing of single-stranded or partially single-stranded DNA with duplex DNA in three sequential phases: (i) a slow presynaptic phase during which recA protein polymerizes on singlestranded DNA to form presynaptic complexes (1, (9) (10) (11) ; (ii) synapsis, the rapid pairing of single-stranded DNA with its complementary strand in duplex DNA to produce a nascent heteroduplex joint (12) (13) (14) ; and (iii) strand exchange, the slow unidirectional displacement of a strand from the duplex and its concomitant replacement by a new strand to produce lengthy regions of heteroduplex DNA (15) (16) (17) .
SSB accelerates 2-to 3-fold both the formation of joint molecules by recA protein and subsequent strand exchange (1, 18, 19) . The kinetics of formation of joint molecules by recA protein exhibit a characteristic lag that can be eliminated either by preincubation of single strands with recA protein or by the addition of SSB (19) . The presence of SSB stabilizes presynaptic complexes and inhibits exchange of bound and free recA protein (18) . By electron microscopy, Flory and Radding (9) observed that SSB strikingly accelerated the formation of filaments consisting largely of recA protein plus single-stranded DNA, and it inhibited the formation of large aggregates. Soltis and Lehman (11) reported that when complexes that were formed in the presence of SSB and recA protein were stabilized by the addition of adenosine 5'-[ythio]triphosphate, little or no labeled SSB was detectable in the reisolated complexes. Although these and other significant observations have been made on the ability of SSB to favor the formation of joint molecules by recA protein (20) (21) (22) , the nature of the interaction has remained enigmatic. Is there a specific protein-protein interaction, or does SSB act primarily via the DNA? Experiments reported here support the latter explanation.
METHODS
Enzymes and DNA. recA protein was purified to homogeneity and its concentration was determined as described (23) . The P protein of phage X was purified as described before (24) except that it was further purified by chromatography on a Sephacryl S-200 column to remove residual X exonuclease activity and an associated protein. E. coli SSB was the generous gift of John Chase (Dept. of Molecular Biology, Albert Einstein College of Medicine, New York).
Circular single-stranded and circular duplex DNA from phage M13 were prepared as described (25) . All the preparations of circular single-stranded DNA contained less than 5% linear molecules as determined by electrophoresis on 1.8% agarose gels. Superhelical DNA (form I) was purified by banding in CsCl/ethidium bromide gradients. It contained less than 2% nicked molecules as estimated by the method of Kuhnlein et al. (26) . Form I DNA was cleaved at a single site by respective restriction endonucleases under standard conditions described by the supplier. Restriction endonucleases Hpa I, Acc I, BamHI, HincII, and Sau96I were obtained from New England Biolabs. After digestion, DNA was extracted with phenol and ether and precipitated by ethanol. The pellet was redissolved in 10 mM Tris-HCl (pH 7.5) containing 1 mM EDTA and dialyzed against the same buffer overnight at 4°C. The concentration of DNA is expressed in moles of nucleotide residues.
Assay for Joint Molecules. The assay for joint molecules is based on the method of Beattie et al. (27) Laboratories) per ml/6 mM phosphocreatine/10 units of creatine kinase per ml. Reaction mixtures were prepared in Eppendorf tubes (0.5 ml) at 0°C warmed for 1-2 min at their respective temperatures before the reaction was initiated by the addition of circular single strands. Incubation for formation of joint molecules was for 20 min and the reaction was terminated by transferring it to 0.3 ml of 25 mM EDTA (pH Abbreviation: SSB, single-strand-binding protein.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 9 .0) at 00C. After taking an aliquot for the determination of total input radioactivity, we diluted the reaction mixtures in 3 ml of ice-cold 1.5 M NaCl/0.15 M sodium citrate and immediately filtered it through a nitrocellulose filter (Millipore, HAWP, 0.45-,um pore diameter) that had been soaked in the above buffer. The filters were rinsed with 8 ml of the same ice-cold buffer, dried, and assayed for bound radioactivity. RESULTS Experimental Design. Preincubation of single-stranded DNA with recA protein or addition of E. coli SSB have equivalent effects in eliminating a lag in the formation of joint molecules and accelerating the initial rate of the reaction. Under normal circumstances, the presynaptic phase limits the rate of formation ofjoint molecules (19 (13, 14) . In the singlestranded DNA at the site corresponding to the end created by BamHI there is no evident secondary structure, whereas the Sau96I site corresponds to a potential hairpin structure in the single strand that is flanked on either side by two other hairpins (28) . We allowed these different linear substrates to pair with circular single-stranded M13 DNA in reactions promoted by recA protein at various temperatures. The substrates produced by cutting with Hpa I and Acc I showed identical thermal transitions (Fig. 2) . Hpa I generates a flush end, whereas Acc I generates two unpaired bases at the 5' end. The substrate produced by BamHI, which has four unpaired bases at the 5' end, showed a similar but somewhat broader transition. However, the substrate produced by Sau96I, which has three unpaired bases at the 5' end, was associated with a shift of the thermal transition of 3-5°C toward higher temperatures. The addition of SSB shifted all of (Fig. 4) . On the other hand, the formation of joint molecules was even less than the control values when the heated single strands were subsequently chilled on ice before they were added to the reaction (Fig. 4) . At 30'C, efficient formation of joint molecules occurred when we used single-stranded fragments (average length of 600 nucleotides) rather than intact circular single strands. Both the initial rate of formation and final yields were greater with fragments (Fig. 4) . Preheating of fragments had no effect (data not shown (29) , but optimal formation ofjoint molecules by recA protein occurs at concentrations of Mg2+ above 10 mM (30) . By varying the order of addition of MgCl2 and recA protein relative to single-stranded DNA we were able to distinguish the effect of Mg2+ on the secondary structure of single strands from its role as a cofactor.
We incubated single strands for 10 min at 37TC with 1 mM MgCl2 prior to shifting aliquots to various temperatures and allowing them to equilibrate for 1-2 min. We then started the reaction by adding recA protein plus linear duplex DNA and more MgCl2. The control was a reaction mixture that contained 12 mM Mg2+ and in which the reaction was started by adding single-stranded DNA that had not been preincubated in any way.
When we incubated single strands in 1 mM Mg2+ and added them to mixtures containing 11 mM Mg2+, the temperature transition shifted to the left (Fig. 5A) . When recA protein was included in the preincubation of single-stranded DNA with 1 mM MgCl2, a very similar shift was seen (Fig.  5A) . The effect of preincubating single strands in a low concentration of Mg2+ was greatest at 30°C and was minimal at 370C.
If instead of increasing the final concentration of MgCl2 to 12 mM we increased it to 20 mM, there was no shift in the thermal transition (Fig. 5A ). This observation indicates that MgCl2 caused a rapid change in conformation of the single strands. To study this effect further, we incubated single strands at 370C in 1 mM MgCl2, shifted the reaction to 300C, and added recA protein, duplex DNA, and additional MgCI2, in that order. Under these conditions, the optimal final concentration of MgCl2 differed when the linear DNA was made by cutting form I DNA with endonuclease Sau96I as com- (Fig.  aB) . Consistent with the effect of secondary structure in the single-stranded DNA at the Sau9I site (see above), the Mg2uoptimum for duplex DNA cut at the Sau96I site was lower than the optimum for DNA cut at the Hincl site. Strikingly, we found that if we raised the final concentration Of Mg9l2 to any level from 4 to 20 mM before we serially added recA protein and duplex DNA, no joint molecules were formed at all in 10 min at 30'C (Fig. SB) . As expected, an inactive reaction mixture produced by this order of addition was immediately reactivated by the addition of SSB (data not shown). The single-stranded DNA was inactivated by first adding the required amount of Mg2i e whether the duplex DNA added later was cleaved by Sau96I or Hinc~l. The latter observation shows that the effect of secondary structure in the single-stranded DNA is not localized solely at sites of strong secondary structure, but is also a global effect.
Melting curves of single-stranded M13 DNA in the buffers used for recA reactions showed that increases of Mg2+ concentration in the range of 1 to 10 mM were accompanied by hypochromic shifts at all temperatures below 750C (data not shown). These observations confirm directly that changes in secondary structure occurred under the conditions of our experiments. containing concentrations of recA protein and SSB as indicated below. After incubation, the reaction mixture was adjusted to 4 mM NaCl, 100 ,ug of bovine serum albumin per ml, and 6 mM 2-mercaptoethanol, followed by 2 units of restriction endonuclease Hae III. (Fig. 6, lane c) . All but one of the restriction sites were protected when recA protein was incubated with single-stranded DNA for 30 min before Hae III was added. The unprotected site is presumably the one in the region of strong secondary structure (28) . By contrast, either SSB or SSB plus recA protein protected all sites from cleavage by Hae III (Fig. 6, lanes g-j) . This The binding of recA protein to single-stranded DNA that is stimulated by SSB also activates the protease function of recA protein and, consequently, the induction of the SOS pathway (3, 4, 35, 36) . Thus, the destabilization of secondary structure in single-stranded DNA, which enables recA protein to act effectively on those strands, is likely to be an essential common step in recombination, inducible repair, and control of postirradiation DNA degradation.
